Chagan Lake serves as an irrigation storage reservoir for the Qianguo Irrigation Area and an important ecological barrier in western Jilin. The coupled TUFLOW-FV and Aquatic Ecodynamic (AED2) models were used to simulate the hydrodynamic and water quality of Chagan Lake, and propose the water diversion scheme that could improve the water quality to reach Grade III and maintain the ecological water level. The simulation results showed a satisfactory agreement with observations.
INTRODUCTION
Of all the natural resources required for economic development, water is the most essential, especially in arid and semiarid areas (Meng et al. ) . Due to rapid economic development and urbanization, water scarcity and pollution have significantly compromised the availability and integrity of water resources. An absence of effective management practices and regulations has exacerbated this problem.
Chagan Lake, a typical shallow soda/saline lake in the semi-arid region of southwestern Songnen Plain, northeast China, serves as an important ecological barrier in western Jilin Province and as the most important fishery base in Jilin Province. The lake's ecological environment has worsened over time, decreasing in water area and exhibiting an expansion of alkali spots and saline-alkali land from 1988 to 2004. Shen & Zhang () concluded that enclosure development and construction in Chagan Lake and the implementation of water conservancy projects had resulted in serious ecological degradation. Several studies have also identified excessive total nitrogen (TN), total phosphorus (TP) and COD Mn (permanganate index) pollution levels in the lake (Dai & Tian ) . Chagan Lake is connected to the Songhua River by irrigation channels, through which the lake receives a large amount of water from the Second Songhua River and from Qianguo Irrigation Area agricultural drainage, which is also sourced from the river (Zhu et al. ) . The Second Songhua
River features contamination problems, and the farmland drainage of the Qianguo Irrigation Area contains high concentrations of salt, alkali, nitrogen and phosphorus, which threaten the ecological health and security of the lake.
The Songyuan irrigation district, which will draw water from the Second Songhua River to exploit large saline wastelands in Qianguo, Qian'an, and Daan, will ameliorate moderate-and low-productivity land and restore degraded grassland to form the national commodity grain base of the comprehensive agricultural irrigation project. Chagan Lake serves as one of main centers of the irrigation district drainage areas. Thus, with the development of the saline-alkali land, large volumes of farmland drainage with high concentrations of TN, TP, and salt are projected to flow into Chagan Lake and will inevitably affect the water quality and ecological security of Chagan Lake. Therefore, effective water quality simulation and prediction for Chagan Lake following the development of the Songyuan irrigation district must be undertaken to ensure water safety for the purposes of sustainable development and public health.
Water diversion has been a successful strategy for improving water quality, as has been undertaken for many Chinese lakes such as Taihu, Chaohu, and Dianchi. The restoration practice suggests that diversion is a suitable method for managing degraded water quality conditions in lakes (Yang & Liu ; Chen et al. ; Li et al. ) .
With the rapid development of computer technologies and mathematical techniques, especially numerical methods, numerous water quality models have been developed (Hipsey et al. ) , and are increasingly useful tools to simulate and predict the levels, distributions, and risks of chemical pollutants in a given water body; they have brought about a virtual revolution in the approach to solving problems in the areas of water resources and environmental engineering.
More than 100 surface water quality models have been developed up to now (Janssen et al. ) . Cao & Zhang () classified models based on water body types, modelestablishing methods, water quality coefficient, water quality components, model property, spatial dimension, and reaction kinetics. The early modeling effort can be traced back to the 1920s when the Ohio River Commission performed a comprehensive survey to investigate the pollution and selfrecovery mechanism of the Ohio River. In this investigation, one of the most significant water quality models, the StreeterPhelps biochemical oxygen demand/dissolved oxygen (BOD/DO) model, was created (Streeter & Phelps ) .
Then the one-, two-and three-dimensional (3D) models including the N and P cycling system, phytoplankton and zooplankton system and focusing on the relationships between biological growth rates and nutrients, sunlight and temperature, and phytoplankton and the growth rate of zooplankton, were developed, and the commonly used platforms 
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Study area
Chagan Lake, located in the southwest area of the Songnen are low, and average runoff depths of 5-10 mm have been recorded for several years. The lake is exploited by fishery activities, which yield more than 6,000 t of fish per year.
The commercial species migrate to the lake for feeding and are caught during the winter fish-hunting festival each
The Second Songhua, Huolin, Tao'er and Nenjiang
Rivers are tributaries of Chagan Lake, and natural precipi- 
RESULTS AND DISCUSSION
Mode calibration and validation
The values of parameters after a manual calibration process are shown in Table 1 Table 3 shows the results of the maximum carrying capacity and reduction rate of pollutant loads into Chagan Lake. The total carrying load of NH 3 -N refers to the maximum input load of NH 3 -N that meets the protection target of both NH 3 -N and TN. The carrying capacity of TP was estimated after the F PO4 max changed from 0.4 to 0.01, because the reduction of input concentration had little effect on the variation of TP in the inlet of Chagan Lake (Figure 4) . So if the TP of Chagan Lake could reach the Grade III water quality standard, not only the load from farmland drainage but also the desorption rate of P from the sediment needed to be decreased (Figure 4 ).
The total carrying load of NH 3 -N, TN and TP (F PO4 max ¼ 0.01) from farmland drainage into Chagan Lake from May to September could reach 1,147.6 t, 3,686.2 t and 100.8 t, as shown in Table 3 . The total carrying loads of NH 3 -N, TN and TP (F PO4 max ¼ 0.01) all reached their maximum in July, which were 420.56 t, 1,322.01 t and 30.35 t, whereas May was characterized by the lowest carrying capacity. In May, the pollutants transported into the lake could be mixed to a higher extent due to the low water volume, and poor dynamic conditions. The reduction of the amounts of pollutants to reach the carrying capacity were calculated and are listed in Table 3 .
Positive values indicate that the pollution load exceeds the environmental capacity and needs to be reduced, and negative values indicate that the environmental capacity remains in surplus and can accommodate a greater pollution load.
Based on the data in Table 3 , the reduction rates of TN and TP pollution load were almost more than 50%. The peak of reduction rate for NH 3 -N, TN and TP was in June (81.5%), September (77.9%), September (67.2%), respectively. The pollution load of NH 3 -N only showed a surplus in August among all months. The reduction of the amount water level of lakes and wetlands was defined by the minimum water level necessary for a natural lake or wetland system to maintain and restore its normal ecological system integrity and functions (Liu et al. ) . The methods to determine the ecological water level for lake wetlands included the historical lake level method, lake morphology analysis, lake surface area method, water balance analysis, water quality modeling, habitat analysis and speciesenvironment models (Xu et al. ; Beca ; Cui et al.
; Shang ). This study used the historical lake level method, lake morphology analysis, and habitat analysis methods to define the suitable ecological water level of Chagan Lake.
For the historical lake level method, the temporal variation of maximum water level in Chagan Lake indicated that the annual mean maximum water level was 130.3 m, as shown in Figure 5 . In 1998, the biggest flood made the water level reach a peak which was above 132.0 m. For lake morphology analysis, Figure 6 shows the relationship between water level, water surface area and water storage of Chagan Lake. Both the increase rate of water surface area and volume reached their peaks when the water level was 131.5 m. For habitat analysis, according to the ecological function of Chagan Lake, the macrophyte (Phragmites) and fish were the indicator species in Chagan Lake. The
Phragmites were mainly distributed in Xindian Lake (Figures 1 and 2) . The average elevation at the bottom of Xindian Lake was 130.6 m. According to studies, the minimum, suitable, and maximum water levels for Phragmites Replenishment mechanisms for Chagan Lake on the control of eco-water level and water quality for different rainfall scenarios
According to the 'Interconnected River-Lake System Network in Jilin Province' plan, to improve the water quality of Chagan Lake, a channel was constructed to connect and utilize the Second Songhua River as another water supply resource of the Chagan Lake, especially in flood periods. So with the constraint of pollutant concentration and ecological water level, the suitable ratio of water diversion and farmland drainage amounts was estimated by the simulation of TUFLOW-FV and AED2 models to be under 10%, 25%, 50%, 75% and 90% of rainfall guaranteed rates.
The constraint condition of the water quality target was set as Grade III (TN <1 mg/L, TP <0.05 mg/L), and the The supplemental diversion amounts and the reduction of farmland drainage amounts under five precipitation probabilities are listed in Table 4 . The biggest increase in diversion was in September for TN and TP (F PO4 max ¼ 0.01). The water diversion amounts for TP (F PO4 max ¼ 0.01) were far more than for TN, which indicated that the TP was the major pollutant and the phosphorus pollution in the lake is very serious.
CONCLUSIONS
The coupled TUFLOW-FV and AED2 models were demonstrated to be a suitable tool to simulate the process of hydrodynamic and water quality in Chagan Lake. With the constraint of the Grade III water quality standard, the carrying capacities of NH 3 -N, TN and TP (F PO4 max ¼ 0.01) load for Chagan Lake were 1,147.6, 3,686.2, and 100.8 t from May to October.
In order to meet the Grade III standard and maintain the ecological water level from 130.7 to 131.5 m, the range of supplemental amounts of water diversion for TN, TP (F PO4 max ¼ 0.01) were separately [19.21-32.60, 46.19-49.84, 51.67-57.19, 59.13-63.70, 67.55-70.91] , [114.13-117.25, 124.58-135.26, 131.81-168.17, 146.73-190.65, 168.45-218.32] -4.03, 65.05-0, 42.63-0, 13.00-0, 4.00-0] , [87.16-73.08, 82.48-61.88, 76.93-50.23, 73.61-40.94, 69.61-31.98 ] million m 3 under the rainfall guarantee rates of 10%, 20%, 50%, 75%, 90%.
